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Unique 1-q and 3-q incommensurate phases in proustite:75As NQR line-shape
and spin-lattice relaxation study

T. Apih, U. Mikac, J. Dolinšek, J. Seliger, and R. Blinc
J. Stefan Institute, Ljubljana, Slovenia

~Received 27 July 1999!

75As NQR spectra and spin-lattice relaxation timeT1 have been measured between room temperature and
4.2 K in a proustite (Ag3AsS3) single crystal. In agreement with x-ray scattering data we find that the phase
betweenTI560 K andTL549 K is triple-q (3-q) incommensurably modulated. Our results show unambigu-
ously that we deal here with three independent noncoplanar incommensurate modulation wave vectors. Such a
phase seems to be unique in a sense that other phases with three incommensurate modulation waves known so
far ~e.g., in charge-density-wave systems! are either a superposition of differently oriented 1-q modulated
domains, or the three modulation waves are confined to a plane and are thus not independent. In addition the
75As NQR line shape suggests that the phase just belowTI is a single-q (1-q) modulated stripe phase. This is
confirmed by the variation ofT1 over the NQR line in the 1-q and 3-q phases. On further cooling further into
the incommensurate phase the volume fraction of the 3-q phase gradually increases and the crystal becomes
fully 3-q modulated about 2 K belowTI . The nonclassical critical exponents for the amplitude of the order
parameter were determined to beb150.360.02 in the 1-q stripe phase andb350.460.02 in the 3-q phase.
On approaching the lock-in transition temperature in the low-temperature part of the 3-q incommensurate
phase the phases of the modulation waves become nonlinear functions of the corresponding spatial coordinates,
resulting in sharp peaks superimposed on the broad bell-shape frequency distribution. A comparison between
experimental and theoretical line shapes allowed for a quantitative determination of the temperature depen-
dence of the soliton density.
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I. INTRODUCTION

Structurally incommensurate systems are characterize
the modulation of some local atomic property, which var
in space in such a way that its periodicity is an irration
fraction of the periodicity of the host lattice.1–4 As a result,
translational periodicity along the modulation wave vecto
lost in spite of the existence of perfect long-range order
the two subsystems. Phase transitions leading to an inc
mensurate phase with a single (1-q) modulation wave are
described with a two-component order parameter3

Q65r exp~6 iw!, ~1!

where r stands for the amplitude andw5q•r1w0 for the
phase. For this system~the most investigated example bein
Rb2ZnCl4! one usually expects a second-order phase tra
tion from a paraelectric normal~N! phase to an incommen
surate~IC! phase at a temperatureTI , and a lock-in transi-
tion to a ferroelectric commensurate~C! phase at a lower
temperatureTC.

In the general case, however, incommensurate ph
may be formed where not only one but several spatially
riodic modulations with wave vectorsqi are incommensurate
with the characteristic wave vectors of the underlying latti
For such a case phases of different symmetries may occ
the phase diagram. Let us consider a system with three (3q)
modulation waves, described by a six-component order
rameter

Q6 i5r i exp„6 iw i~xi !…, i 51,2,3. ~2!
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This situation is realized in many charge-density-wa
~CDW! systems, such as 2H-TaSe2,

5–7 as well as in structur-
ally incommensurate quartz8 and berlinite (AlPO4).

9 For
such a system two rather different structures may be real
below TI .

~i! In the stripe or 1-q multidomain state the amplitud
of a single modulation wave is different from zero in a giv
domain. Therefore, each domain is modulated in a sin
direction, but the direction of the modulation wave vect
varies from one domain to another.

~ii ! In an ‘‘all-q’’ state, on the other hand, the ampl
tudes of all modulation waves are different from zero. In th
case the crystal is modulated by a superposition of mod
tion waves with allqi ’s.

It is interesting to note that in every 3-q system known so
far, both in CDW systems as well as in structurally incom
mensurate insulators such as quartz and AlPO4, the three
modulation wave vectors lie in a plane, i.e., the number
modulation wave vectors is larger than the dimension of
space they span. This means that translational periodicit
retained in the direction perpendicular to the plane of
modulation waves. In this case the phases of the modula
waves are necessary correlated and the modulation wave
not independent. Such a situation occurs in both quartz8,10

and berlinite9 where the three modulation waves are cop
nar, q11q21q350, and their relative phase is fixed,w01
1w021w035wS50,6p/2 or p. Proustite (Ag3AsS3) seems
to represent a unique exception, as x-ray measurement11,12

indicate that the incommensurate phase13 in the temperature
range 49–60 K is modulated by three noncoplanar mod
tion waves. In such a system one can expect to obser
1003 ©2000 The American Physical Society



ed
e
n

nl

is
a

tio
u

ha
iti

e

l
f
d

er
r

he

g
a
ul

nd
is
ll-
e

m
f

ti

lin

m
in

rib
ns
d
in

ac
r

ri
is

tr

the

ns
re.

ity
n-
l
ove

its
h-

te
d

ition

a
d

0 K.
se

ase

l is
d
-
, not
lso
m-

in
der
of

te

e

ear

1004 PRB 61APIH, MIKAC, DOLINŠEK, SELIGER, AND BLINC
number of phenomena, which were up till now predict
theoretically only.10,14 The soft mode should split into thre
gapless phason modes and three amplitude modes at the
mal to incommensurate transition. In contrast to this, o
two phason modes are gapless in a planar 3-q system, such
as quartz,10 where the phase of the third modulation wave
well defined with respect to the others. Transition from
plane-wave regime, in which the phases of the modula
waves are linear functions of the space coordinates to a m
tisoliton regime, where they become steplike functions,
also not been observed for such a system as yet. In add
to soliton wall crossings~i.e., line defects!, found in planar
3-q systems, there should betriple crossings~i.e., point de-
fects! in a nonplanar 3-q system. As for other multi-q sys-
tems, there is a strong possibility of finding a transition b
tween the ‘‘all-q’’ phase and the multidomain 1-q stripe
phase.10,14–17Another point of interest is the study of critica
exponents at the normal to incommensurate transition o
six-component order-parameter system. These should be
ferent from the ones found in two-component ord
parameter incommensurate systems that belong to the th
dimensional two-component~XY! model, withb50.345.18

In order to shed some additional light on some of t
above phenomena, we performed a detailed75As NQR line-
shape and spin-lattice relaxation study of a proustite sin
crystal20 between room temperature and 4 K. An addition
motivation to study such a phase was that it is very diffic
to discriminate by x rays between a true 3-q phase and a 1-q
multidomain stripe state. NMR and NQR, on the other ha
are local methods that measure the local distribution of d
placements, which drastically differs for the stripe and ‘‘a
q’’ phases and should thus easily discriminate between th
two cases.

The usefulness of NMR and NQR for the study of inco
mensurate systems is due to the fact that the resonance
quency varies in space in a way which reflects the spa
variation of the incommensurate modulation.3,4 In commen-
surate systems the number of magnetic resonance
equals the~usually very small! number of physically non-
equivalent nuclei per unit cell. In incommensurate syste
where the translational lattice periodicity is lost, there is
essence an infinite number of nonequivalent nuclei cont
uting to the magnetic resonance spectrum. The incomme
rate spectra are thus characterized by a quasicontinuous
tribution of NMR frequencies instead of a sharp line as
commensurate crystals. The characteristic features of an
commensurate spectrum were shown9,19,20 to depend on the
number of modulation waves and the dimension of sp
they span. For a 1-q IC system with a two-component orde
parameter~as well as for 1-q multidomain ‘‘stripe’’ state of
a six-component order-parameter IC system!, one expects a
characteristic frequency distribution with two edge singula
ties, whereas a bell-like distribution with no singularities
expected for a 3-q noncoplanar IC system.19

II. PROUSTITE STRUCTURE AND PHASE TRANSITIONS

The proustite structure belongs to a noncentrosymme
trigonal space groupR3c(C2v

6 ) with two formula units per
primitive rhombohedral unit cell at room temperature.21 The
covalently bonded AsS3 pyramids occupy the C3 sites at
or-
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eight corners of the rhombohedral unit cell and one in
center, while the Ag atoms reside on the C1 sites in the voids,
formed by the S atoms. The unit cell contains 12 positio
for Ag1 ions, six of them being vacant at room temperatu
The AsS3 pyramids are ionically bound by S—Ag—S bonds
which form helices in the direction of the trigonalc axis.
This rather weak bonding leads to a high ionic conductiv
and allows Ag1 ions to adopt a quasi-free state. The co
secutive AsS3 pyramids along thec axis undergo a smal
relative rotation, each pyramid being related to the one ab
or below by a glide planesv

g .
On cooling below room temperature, proustite exhib

several phase transitions: a transition from the hig
temperature normal~N! phase to an incommensurate~IC!
phase atTI'60 K, a lock-in transition to a commensura
phase C1 at TL'49 K,12 and a transition to nonmodulate
ferroelectric phase C2 at TC2

'24 K. At high pressures the

intermediate IC and C1 phases are suppressed,22 so that
proustite exhibits a direct N-C2 transition. In addition to this,
it has been suggested that a photoinduced phase trans
occurs near 210 K,22 connected to a redistribution of Ag1

ions under the action of illumination. In contrast to this,
detailed Raman scattering24 and a combined neutron an
x-ray diffraction study25 ~both conducted in the dark! failed
to reveal any anomalies in the temperature range 80–30

X-ray studies11,12have shown that the second-order pha
transition from the normal to the incommensurate ph
characterized by a star of six wave vectors

q6156F1

3
2da ,2S 1

3
2daD ,0,

1

3
2dcG ,

q6256F0,
1

3
2da ,2S 1

3
2daD ,

1

3
2dcG ,

q6356F2S 1

3
2daD ,0,

1

3
2da ,

1

3
2dcG , ~3!

where the hexagonal setting of the rhombohedral cel
adopted. Just belowTI da anddc have values of 0.0063 an
0.0125, respectively. Bothda anddc are temperature depen
dent and decrease with decreasing temperature. Hence
just the period but, while remaining in the glide plane, a
the direction of the modulation varies as a function of te
perature.

Pokrovsky and Pryadko15 have described the IC phase
proustite in terms of the Landau theory. They used the or
parameterh i(r ) which represents the Fourier components
the displacementsu(r ) with respect to the commensura
directions q1

c5 1
3 @1,1̄,0,1#* , q2

c5 1
3 @0,1,1̄,1#* , and q3

c

5 1
3 @ 1̄,0,1,1#* :

u~r !5(
i 51

3

h i~r !j~qi
c!exp~ iqi

cr !1c.c. ~4!

Just belowTI they find that within constant amplitud
approximationh i(r )5r i exp„2 iw i(r )…, the free energy is
minimized if the phases of the modulation waves are lin
functions of the coordinates,
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w i5k ir . ~5!

Depending on the signs of the coefficients in the Land
expansion,15 either the 3-q or 1-q stripe phase may be rea
ized belowTI :

3-q: r15r25r35r/)}At for C1.0,

1-q: r25r350, r1}At for C1,0. ~6!

Here t stands for the normalized temperature,t5(TI
2T)/T. If the sixth-order invariants20 are included in the
Landau expansion, both a 1-q stripe and 3-q phase may be
stable belowTI . Depending on the size of the coefficien
either N→(3-q)→C1, N→(1-q)→C1, N→(1-q)→(3-q)
→C1, or N→(3-q)→(1-q)→C1 phase sequences may b
realized.20

X-ray measurements11,12 did not reveal any structura
change in the temperature region of the incommensu
phase 49–60 K. However, due to the low-temperature re
lution of this measurements and due to the difficulties
discriminating between a true 3-q IC phase and a multido
main 1-q stripe phase by x rays, one cannot exclude
possibility of finding a 1-q stripe phase in a narrow temper
ture range either between the N and 3-q phase or between
the 3-q and C1 phase.

According to x-ray measurements11,12 the incommensu-
rate parametersda and dc vanish on cooling below the
lock-in transition temperatureTL549 K ~first order accord-
ing to Ref. 11, second order according to Ref. 12! to a com-
mensurably modulated phase C1. The C1 unit cell has the
volume 27 times that of the normal N phase but retains
same space groupR3c, with the new crystallographic axe
rotated by 180° with respect to N phase.

On cooling belowTC2
524 K proustite exhibits a strongly

first-order phase transition to a ferroelectric phase C2 where
the structure is monoclinic with a space groupCc.26 AsS3
pyramids are considerably distorted in the C2 phase, the three
As-S bond lengths differing by nearly 10%.26 In addition to
pyroelectric polarization along thec axis, a spontaneou
component of polarization appears in the basal plane. In
ferroelectric phase the modulation of the normal phase
appears and the structure can be treated as a result of a
distortion of the N phase.15

III. EXPERIMENTAL

Zeeman perturbed75As (I 5 3
2 ) nuclear quadrupole reso

nance measurements of an optically pure proustite sin
crystal have been made at room temperature. In the h
temperature paraelectric phase all As nuclei in the unit
lie on axially symmetric sites withh50. The quadrupole
coupling constant varies frome2qQ/h5132.44 MHz at
room temperature to 134.6 MHz at 62 K.

The phase transition to the incommensurate phase
been studied by zero-field75As NQR. Taking into accoun
the photosensitivity of proustite, it is important that all me
surements were performed in the dark in a helium flow c
ostat. The width of the NQR spectrum changes from 10 k
in the normal phase to 1.1 MHz in the incommensurate ph
just above the phase transition to the commensurate ph
The broad line was measured by a ‘‘point-by-point’’ fr
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quency scanning method with an automatic tuning of
resonant circuit at each frequency. At each frequencyn j , the
spectral intensityf (n j ) was obtained by integrating the Fou
rier transform of one half of the spin echoS(n j ,t) following
a p/2-p pulse sequence. The frequency distributionf (n)
was thus obtained at a discrete set of resonance freque
n j as

f ~n j !5E
2Dn/2

1Dn/2S E
0

`

S~n j ,t !ei2pnt dtD dn. ~7!

The typical frequency stepDn5n j 112n j was 5–10 kHz.
Depending on the width of the resonance line, line-sha
measurements took from a few minutes up to several ho
During the measurements the temperature gradient over
sample and the temperature stability were better than 0.0
At each change of the temperature~typically 0.1 K in the
incommensurate phase! the sample was allowed to stabiliz
for an hour before performing the measurement.

The 75As spin-lattice relaxation time was measured
Fourier-transformed NQR spectra, obtained by
‘‘inversion-recovery’’ pulse sequence in the high
temperature normal phase and in the two low-tempera
commensurate phases, where the resonance lines are na
In incommensurate phase, where inversion was not poss
due to large linewidth, the ‘‘saturation-recovery’’ techniqu
was used.

IV. 75As NQR IN THE 1- q AND 3-q INCOMMENSURATE
PHASES

It is well known4,19,27,28that NQR ~and quadrupole per
turbed NMR! spectra of incommensurably modulated stru
tures exhibit a characteristic inhomogeneous frequency
tribution f (n) that reflects the spatial variation of the NQ
frequency. Instead of a few physically nonequivalent nucl
sites per unit cell as in translationally periodic crystals,
find in incommensurate systems, where the translatio
symmetry is lost, an essentially infinite number of no
equivalent nuclear sites resulting in a quasicontinuous
quency distribution.

The general formalism of calculating NMR and NQR lin
shapes by expanding electric field gradient~EFG! tensor in
powers of the displacements of nuclei lying on the IC mod
lation wave was reported several times.4,19,27,28In the case of
75As (I 5 3

2 ) NQR the relation between the frequency sh
and EFG tensor elements is particularly simple:

n5
eQ

2h
Vzz, ~8!

whereVzz5VNzz1dVzz, VNzz is the principal eigenvalue o
the EFG tensor in the high-temperature normal phase
dVzz is a ~small! space-dependent change due to the mo
lation wave~s!. Applying the Taylor expansion of the EFG
tensor components~in our case justVzz! over the nuclear
displacements in one dimensionally modulated (1-q) IC sys-
tems one gets4,19,27,28

V5VN1V01V1 cos„w~x!1w10…1V2 cos„2w~x!1w20…

1¯ . ~9!
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In the constant amplitude approximation, the coefficientsVi
are constants. In the general case they are weaklyx depen-
dent. Using Eq.~8!, we get a similar expression for the NQ
frequency

n5nN1n01n1 cos„w~x!1w10…1n2 cos„2w~x!1w20…1¯ .
~10!

The coefficientn1 is proportional to the amplitude of th

order parameter,n1}r}(TI2T)b, while n2}(TI2T) b̄.
Most of 1-q IC systems belong to the three dimension
~3D! XY universality class where the critical exponents a
b50.35 andb̄522a2f50.84Þ2b,18,29,30but exceptions
with the classic Landau exponentsb50.5 and b̄52b51
are also well known.31

The frequency distribution that determines the NQR l
shape can be now evaluated by

f 12q~n!5E dx d@n2n„w~x!…#. ~11!

In NMR in incommensurate systems it is often the case
one is able to choose such an orientation of the sample
respect to the external magnetic field, that either the lin
(n1Þ0) or quadratic (n2Þ0) term prevails in Eq.~10!. Then
the line shape is easily evaluated in the plane-wave reg
where the phase of the modulation wave is a linear func
of the spatial coordinate,w(x)5qx. For the linear case~n1
Þ0, n250! one gets3,4

f 12q~n!5
const

An1
22~n2nN!2

. ~12!

In this and also in the pure quadratic case, the IC spectru
symmetric and limited by two edge singularities. A typic
1-q line shape for the linear case is shown in Fig. 1~a!. If
both linear and quadratic terms have to be taken into acc
in Eq. ~10!, a third and a fourth singularity may appear in t
spectrum.3,27 This is often the case in NQR where the res
nance frequency is independent of the crystal orientation
one is not able to control the parametersn i in Eq. ~10! by
varying an external parameter. In this general case the s
trum becomes asymmetric and its shape and number of
gularities strongly depend on the ratio of the linear and
quadratic term and the relative phase shift between them

Now we turn to the 3-q case, where the structure is s
multaneously modulated by three modulation waves. T
3-q equivalent of Eq.~10! in the linear case is19

n~w1 ,w2 ,w3!5n01(
i 51

3

n i cosw i , ~13!

where then i are proportional to the amplitude ofi th modu-
lation wave. In the plane-wave limit we have

w i5qi•r1w0i . ~14!

Here the modulation wave vectorsqi are incommensurate t
the underlying lattice. The phasesw i take on any value from
the interval@2`, 1`# with equal probability. Instead of a
l
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single sharp NMR line in the high-temperature phase we fi
a characteristic frequency distribution in the incommensur
phase:

f 32q~n!5E dx1 dx2 dx3 d@n2n„w1~r !,w2~r !,w3~r !…#.

~15!

Here the integration*dx1 dx2 dx3 must account for the pos
sible correlation of the phases.9,19 When the modulation
waves are independent, the frequency distributionf (n) is
given by a double convolution

f 32q~n!5E
2`

1`E
2`

1`

dn18dn28 f 1~n18! f 2~n28! f 3~n2n182n28!

~16!

of frequency distributionsf i(n8) for single-q modulations:

f i~n8!5E
2`

1`

dw i d@n82n~w i !#5
const

An i
22n82

. ~17!

A typical bell-like 3-q line shape for the linear case wit
n5n15n25n3 is shown in Fig. 1~c!. In contrast to 1-q IC
line shape, there are no edge singularities in the 32q IC line
shape, but the derivative of the line has four van-Hove-l
singular points.19 It is interesting to note that the 3-q IC line
shape completely changes, if the three modulation waves
correlated. Such is the case in quartz8,10 and berlinite9 where
the three modulation waves are coplanar,q11q21q350,
and their relative phase is fixed. As shown in Refs. 9 and
in such a case the line shape is similar to that of a 2-q IC
system with a logarithmic singularity at a position whic
depends on the relative phase.

FIG. 1. Theoretical NQR line shapes in the plane-wave limit
~a! 1-q and ~b!, ~c! 3-q incommensurate systems for a linear co
pling between the NQR frequency shift and the displacement. In
3-q planar case~b!, where the modulation waves are confined to
plane, the line shape is similar to that of an 2-q IC system.19,9 In
this case the position of the central singularity depends on the r
tive phases of the three modulation waves. The line shape is i
pendent of the initial phases of the modulation waves in the n
planar 3-q case~c!.
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While the static properties of the incommensurate mo
lation waves are reflected in the NQR spectra, the dyna
properties are expected to show up in the nuclear spin-la
relaxation timeT1 .3,4,33 In translationally periodic crystals
undergoing structural phase transitions the main contribu
to the spin-lattice relaxation is usually made by the lo
frequency soft optic modes. The contribution of lon
wavelength acoustic modes in negligible as the relative
placements of the neighboring atoms are too small. Since
energy of an IC system is in the continuum limit independ
of the initial phases of the IC modulation waves, this syst
has in addition to acoustic phononsn new independen
modes, whose frequencies vanish for a particularq value.
This modes represent Goldstone excitations known as
sons. In the case ofn-correlated modulation waves as it is th
case in planar 3-q IC systems~n53, D52!, such as quartz
and berlinite, the number of gapless phason is smaller than.
The number of thermally excited phasons is of the order
the acoustic phonons and the relative displacements are
small for the critical wave vector. Spin-lattice relaxatio
should be thus in incommensurate phases determined m
by phasons.

For a system withn modulation waves linearly and lo
cally related to the frequency shift one can write the sp
lattice relaxation rate as19

1

T1
~w1 ,...,wn!}(

i 51

n

~cos2 w iJAi1sin2 w iJf i !, ~18!

where theJAi andJf i are the local spectral densities3,4,33 of
the amplitudon and phason fluctuation modes. For 1-q IC
systems (n51), one finds in the linear case a simple relati
between the effective spin-lattice relaxation rateT1

21 and the
NQR frequency shift.3,33 HereJA determinesT1

21 at the edge
singularities andJf determinesT1

21 in the middle of the
inhomogeneously broadened NQR spectrum. The situatio
more complicated for the case of a multi-q IC system. Here,
at any given frequency, one does not have a single relaxa
rate but adistribution of spin-lattice relaxation rates

FS 1

T1
,n D5E ¯E dw1 ...dwnd„n2n~w1 ,...,wn!…

3dS 1

T1
2

1

T1
~w1 ,...,wn! D , ~19!

and a nonexponential decay of magnetization is expected
principle, one could use the inverse Laplace transform of
magnetization-decay curve to determine theT1

21 distribution,
from which the spectral densitiesJAi and Jf i could be in-
ferred. However, in view of the complex shape of theT1

21

distribution, calculated in the linear local approximation19

one can immediately realize the complexity of such a task
addition, if nonlocal contributions are expected, they w
further complicate theT1

21 distribution.27,33

V. RESULTS AND DISCUSSION

A. Temperature dependence of NQR frequencies

The temperature dependence of the75As quadrupole reso
nance frequenciesnQ and the spin-lattice relaxation timeT1
-
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of proustite are shown in Fig. 2~a!. At room temperature a
single resonance line with a half-height full-width of 5 kH
is observed atnQ566.22 MHz. On cooling the NQR fre
quency continuously increases to 67.3 MHz just above
transition to the incommensurate phase atTI560 K. There is
a slight, but still well observable change ofnQ versusT slope
at about 75 K. The linewidth does not change between ro
temperature and 60.2 K just aboveTI ~Fig. 3!.

Below TI560 K an inhomogeneous broadening of t
resonance line is observed in the incommensurate phase
linewidth at half height changes from 5 kHz just aboveTI to
about 1.1 MHz in the lower part of the incommensura
phase. On cooling a set of sharp lines appears on the b
incommensurate background about 2 K aboveTL . The mul-
tiplet of sharp lines increases in intensity with decreas
temperature and completely replaces the broad backgro
at the transition to the commensurate phase C1.

In the C1 phase one observes 10 narrow lines of differe
intensity. At 28 K~Fig. 3! we have three lines of low inten
sity, six lines of medium intensity, and a single line of hig
intensity. The temperature dependence of the positions
this ten lines is shown in Fig. 2.

At the transition temperature to the low-temperature co
mensurate phase C2, TC2

524 K, the asymmetric multiplet of
ten lines is discontinuously replaced by a symmetric mult
let of five lines~Fig. 3!, which persists down to the lowes
studied temperature~8 K!. A similar behavior of the75As
NQR lines at the C1 to C2 transition was observed earlier,14,22

FIG. 2. Temperature dependence of the75As NQR frequencies
nQ ~a! and the average spin-lattice relaxation timeT1 ~b! in prous-
tite between 8 and 120 K. There is a single resonance line in
high-temperature N phase, an inhomogeneously broadened line~in-
dicated by the vertical lines! in the incommensurate phase, ten res
nance lines in the C1 phase, and five lines in the C2 phase. Note the
critical decrease ofT1 at the N-IC transition and anomalous sho
temperature-independent phason-inducedT1 in the IC phase.
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but due to the lower sensitivity out of five only the mo
intense central line was observed.

B. Temperature dependence ofT1

The 75As spin-lattice relaxation timeT1 @Fig. 2~b!#, which
amounts 1.5 ms at room temperature, increases mono
cally and reaches a maximum value of 3.6 ms close to 75
There was no observable anomaly in the temperature de
dence of eitherT1 , resonance frequencynQ , or the line-
width Dn, which would indicate the~photoinduced! phase
transition reported at 210 K.23 Our experiments were per
formed in the dark and no attempt was made to check for
possible effect of the illumination on the parametersT1 , nQ ,
andDn. Below 75 KT1 starts to decrease and a cusplike d
is observed in the vicinity ofTI560 K, which is character-
istic of a displacive structural transition with soft mode co
densation.

The phason-induced averageT1 is anomalously shor
~;0.2 ms! and temperature independent in the incommen
rate phase. The transition to C1 phase is marked by a dis
continuous increase ofT1 for an order of magnitude toT1
52 ms just belowTC1

. In the C1 phase ln(T1) seems to in-
crease linearly with decreasing temperature@Fig. 2~b!#.

At TC2
525 K there is a discontinuous decrease fromT1

527 ms just aboveTC1
to T1517 ms just below. On cooling

T1 further increases to reach 135 ms at 8 K.

C. Line-shape analysis in the high-temperature part
of the IC phase

As shown in Figs. 2 and 4, the narrow75As quadrupole
resonance line of the high temperature N phase become
homogeneously broadened belowTI560 K, indicating the
transition to an incommensurate phase. The broad line sh
with two edge singularities, observed less than 1 K below
TI , is typical for a one dimensionally modulated (1-q) IC

FIG. 3. 75As NQR spectra in the three commensurate phase
~just above the N-IC transition!, C1, and C2 in a proustite single
crystal.
ni-
.
n-

e

-

-

in-

pe

system in the plane-wave limit. In the case of 3-q IC system
with simultaneous modulations alongq1 , q2 , and q3 , in-
stead of the U-like line shape, a bell-like line shape with
edge singularities is expected~Fig. 1!. On the other hand, the
same line shape as in the 1-q case is expected in the mult
domain ‘‘stripe’’ phase, where in a given domain the stru
ture is modulated along one of the modulation wavesq1 , q2,
or q3 , while the amplitude of the other modulations is ze
in this case. Since the modulation-induced shift of the re
nance frequency does not depend on the direction of
modulation wave vector, the same expression~10! is valid
for all of the 1-q domains:

n1-q5nN1n01n1 cos„w~x!1w10…1n2 cos„2w~x!1w20…

1¯ , ~20a!

and the line shape is given by the integral

f 1-q~n!5E dxd@n2n1-q„w~x!…#. ~20b!

Since the spectra are slightly asymmetric, it is clear that
coupling between the frequency and the order paramete
nonlocal and that both linear and quadratic terms of Eq.~20!
must be used to describe the line shape.

On cooling further into the IC phase an asymmetric be
like spectral component appears, which gradually repla
the 1-q spectrum. This component, which dominates t
spectrum already 2 K belowTI , is typical19 of a 3-q modu-
lated system with three independent nonplanar modula
waves. A similar bell-like109Ag NMR line shape was also
observed in proustite atT555 K.32 Note that NMR and

N

FIG. 4. Experimental and theoretical75As NQR line shapes in
the high-temperature~plane-wave! part of the incommensurate
phase in proustite. The theoretical spectra are calculated using
mulas~26!, ~27!, and~28!. The temperature dependences ofn1 , n2 ,
andR1-q obtained from the fits are shown in Figs. 5 and 6.
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NQR can easily distinguish between the nonplanar and
nar 3-q case, as completely different line shape with a c
tral singularity is expected in the latter case.9 We have thus
observed a transition from a stripe state, characterized
superposition of 1-q modulated domains to a genuine 3-q
state where the crystal is simultaneously modulated al
three different directions. While this change of the struct
was not observed before, it is not totally unexpected, as
ready the Pokrovsky free energy@Eq. ~7!# predicts, that ei-
ther a 1-q stripe state, a 3-q state, or a transition between th
two is possible belowTI .15,20 The possibility of 1-q to 3-q
transitions is also predicted by numerical simulations of m
lecular dynamics16 in hexagonal models. The transition b
tween the two states with different symmetry is discontin
ous and connected to metastable states.16 At the 1-q to 3-q
transition ‘‘islands’’ of the 3-q phase appear first in th
‘‘sea’’ of the 1-q phase and then gradually take all of th
crystal volume. The gradual change of the 1-q NQR line
shape (f 1-q) to the 3-q NQR line shape (f 3-q) is an indica-
tion that proustite may exhibit a similar process.

Similar to the 1-q line shape of the high-temperature pa
of the IC phase, the 3-q line shape of the low-temperatur
phase remains notably asymmetric. Comparing the exp
mental spectrum taken atT555 K ~Fig. 4! and the theoreti-
cal spectrum, calculated in the linear and local approxim
tion @Fig. 1~c!#, one can see that one must include more th
just the first term in the expansion

n3-q~w1 ,w2 ,w3!5n01n1(
i 51

3

cos~w i1w10!

1n21(
i 51

3

cos~2w i1w20!

1n22(
i 51

3

cos~w i2w i 11!

1n23(
i 51

3

cos~w i1w j1w30!1¯ .

~21a!

The line shape is now given by

f 3-q~n!5E E E dx1 dx2dx3

3d@n2n3-q„w1~r !,w2~r !,w3~r !…#, ~21b!

To describe the gradual change from the 1-q to the 3-q
line shape the following fitting procedure was used. First,
spectra in the temperature range 58.5–60 K, where the
1-q line shape prevails, were fitted with expression~20!.
With w10 fixed to zero it was found that the phase shift of t
cos(2w) term w20 does not show any marked temperatu
dependence, so its value was fixed at the average v
w20(1-q)580° and the fitting routine was applied agai
From this set of fits, the temperature dependence of the
rametersn1 andn2 was determined. As shown in Fig. 5,n1

andn2 follow a power lawn1}(TI2T)b1q, n2}(TI2T) b̄1q

with b1q50.3060.02, b̄1q'2b1q50.6060.02. Next, the
a-
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-
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a-

spectra in the temperature range 52–57 K, where theq
line shape is dominant, were fitted with expression~21!. It
turned out that ‘‘mixed’’ terms cos(wi2wi11) and cos(wi
1wj1w30) did not improve the quality of the fit, son22 and
n23 were set to zero. Repeated fits with a temperature in
pendentw20(3-q)550° yielded the temperature dependen
of n1 and n21, shown in Fig. 5. Again a power law with
b3q50.4060.02 andb̄3q'2b3q50.8160.04 was obtained
With a known temperature dependence of all the parame
that determine the line shape in both 1-q and 3-q phases the
only parameter left to determine is the relative volume fra
tion of the 1-q phase,R1-q5V1-q /(V1-q1V3-q). The inten-
sity of the NQR spectrum in a given frequency interval
proportional to the number of nuclei with the resonance f
quency in this interval. If a part of the crystal exhibits a 1q
phase with a frequency distributionf 1-q(n), and the rest a
3-q phase with frequency distributionf 3-q(n), the measured
line shape will be

f ~n!5R1-q

f 1-q~n!

* f 1-q~n8!dn8
1~12R1-q!

f 1~n!

* f 1-q~n8!dn8
.

~22!

Using this formula, the temperature dependence of ‘‘1q
phase fraction’’R1-q , shown in Fig. 6, was determined

FIG. 5. Temperature dependence of the parametersn1 andn2 in
the 1-q and 3-q phases in proustite. The solid lines are fits to t
power law as explained in the text.

FIG. 6. Temperature dependence of the relative volume frac
of the 1-q stripe phaseR1-q at the 1-q to 3-q phase transition.
Lines connecting points are a guide to the eye only.
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The fact thatR1-q;1 above 58.5 K andR1-q;0 below 57.5
K gives us some confidence in our initial~‘‘pure 1-q’’ and
‘‘pure 3-q’’ ! fits.

As pointed out by Ryanet al.,11 the ordering of the struc
ture in this temperature range is subject to rather long e
librium times~several hours or more!. It is also known34 that
the temperatures of the phase transitionsTI , TL , andTC2

in
proustite depend on cooling or heating rate of the crys
Our measurements were performed on cooling with a sm
temperature step (DT50.1– 0.5 K) and 1 h oftemperature
stabilization prior to the measurement. Depending on
linewidth, measurement took from half an hour up to seve
hours in the low-temperature part of the IC phase. Ob
ously, different cooling rates will produce temperature d
pendences ofR1-q(T), which will be different from that pre-
sented in Fig. 5.

The critical behavior at the normal to the incommensur
phase transition for one dimensionally (1-q) modulated IC
systems with a two-component order parameter belong
the two-component three-dimensionalXY ~d53, D52! uni-
versality class.35 The theoretically predicted valueb
50.345 for the critical exponent of the order-parameter a
plitude agrees very well with theb determined from both the
NQR and the quadrupole perturbed NMR measurements
several such systems.3,30 The critical exponentsb1q50.3 and
b3q50.4 that we obtained in proustite, both differ from th
prediction of the 3DXY model.35,36 It is interesting that our
value obtained in the 3-q phase of proustite, which is de
scribed with a six-component order parameter, agrees
well with the prediction of the six component thre
dimensional~d53, D56! Heisenberg model,b50.399.36 In
spite of the fact that the relevance of this result must
seriously questioned due to the very long equilibrium tim
of the structure stabilization and the vicinity of the 1-q to
3-q transition, proustite seems to represent a good candi
for subsequent studies of critical behavior of systems wit
six-component order parameter.

D. Variation of T1 over the NQR spectrum

The striking feature of the spin-lattice relaxation in 1q
IC systems is thatT1 varies over the incommensurab
broadened line in such a way that it is possible to sepa
phason and amplitudon contribution3,4,33 to the relaxation
rate. In an often realized case,T1 is determined by the am
plitudon fluctuations at the edge singularities, while it is d
termined by the more effective phason fluctuations in
middle of the spectrum. The measurement of variation ofT1
over the NQR line atT559.5 K in the 1-q stripe phase of
proustite~Fig. 7! shows exactly such a behavior.

In contrast to this, a distribution@Eq. ~19!# of relaxation
ratesT1

21, determined by the three amplitudon and phas
branches@Eq. ~18!# is expected in the 3-q case. The shor
relaxation timeT1;200ms and the extremely broad spe
trum do not allow us to extract the distribution of relaxati
times from the magnetization recovery curves, which se
to be monoexponential within the experimental precisi
The averageT1 , which was determined atT558.5 K in the
3-q phase, does not show any line-shape dependence. W
we were not able to extract the characteristic distribut
@Eq. ~19!# of the relaxation rates, expected for the 3-q IC
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phase,19 the observed change of the variation ofT1 over the
NQR line may be taken as an additional evidence for
transition from the 1-q stripe to the 3-q phase in proustite.

E. Line-shape analysis in the low temperature part
of the IC phase

Figure 8 shows the75As NQR spectra in the low-
temperature part of the incommensurate phase in prous
Below T552 K the 3-q line shape begins to show an add
tional structure. AtT550 K the shoulders of the bell-like
spectrum become so pronounced that a valley forms
between, and an additional structure appears in the h
frequency part of the spectrum. At still lower temperatur
narrow peaks begin to gradually rise from the broad 3q
lines. On cooling these peaks increase in intensity and
crease in width and finally completely replace the broad 3q
line shape belowT548.5 K.

A similar type of behavior is often found close to th
lock-in transition in 1-q incommensurate systems indicatin
that the phase of the modulation wave becomes a nonlin
function of the space coordinate, i.e., that a multisoliton l
tice is formed.

To check on the nature of the low-temperature part of
3-q IC phase in proustite one can simplify the Pokrovky fr
energy15 by keeping only the simplest (D1( ih

6) of the six
allowed ‘‘lock-in’’ terms. By minimization of the free en-
ergy using Euler-Lagrange equations one obtainsw(u1) as a
solution of the ordinary sine-Gordon equation

@2~a21b2!sin2 u12~a21g2!cos2 u1e sinu cosu#w9~u1!

52t2D1 sin„6w~u1!…. ~23!

The coefficientsa, b, g, e, andD1 are defined in Ref. 15 and
solutions for w2 and w3 are equivalent due to the C3
symmetry.11,15 This simplification of Pokrovsky15 theory,
which takes into account only the most simple of the allow

FIG. 7. The variation of the spin-lattice relaxation timeT1 (d)
over the NQR line~full line! ~a! in the 1-q stripe and~b! in the 3-q
nonplanar IC phase in proustite.
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PRB 61 1011UNIQUE 1-q AND 3-q INCOMMENSURATE PHASES IN . . .
‘‘lock-in’’ terms Di therefore predicts that the phases of t
modulation waves in the low-temperature part of the 3q
phase in proustite are expressed as solutions of the ordi
sine-Gordon equation, in complete analogy with the we
known examples of one dimensionally modulated inco
mensurate systems.1–4 Of course, the above prediction is ju
one of the possible scenarios as higher-order terms and
teractions between solitons, which we neglected, may c
siderably influence the result. Nevertheless, it clearly sho
that it is quite likely that the phases of the three modulat
waves become nonlinear functions of the coordinates
equivalently, that higher harmonics of the modulation wav
develop at lower temperatures. If this is the case, the ph
transition to the commensurate phase in proustite is sim
to the lock-in phase transition of usual 1-q systems.

Within the above approximation the phases of the mo
lation waves are independent also in the soliton limit and
given as the elliptic amplitude solutions of the sine-Gord
Eq. ~23!, w1(r )5w(u1), w2(r )5w(u2) in w3(r )5w(u3),

w~ui !5
2

p
amS v

p

2
ui ,k2D . ~24!

The parameterk is here connected to the linear solito
density,3 ns5p/„2K(k)…, K(k) is the complete elliptic inte-
gral of the first kind,ui are the space coordinates in th
directions of the modulation wave vectorsqi , while the pa-
rameterp is connected with the unit-cell multiplication. I
the preset case we havep56 for the transition to C1 phase
with the triplication of the edge of the unit cell. In the plan
wave limit wherew is a linear function we havek50 and

FIG. 8. Experimental and theoretical75As NQR line shapes in
the low-temperature part of the 3-q incommensurate phase i
proustite where the phases of the three modulation waves bec
nonlinear functions of the space coordinates. The temperature
pendence ofns obtained from the theoretical spectra is shown
Fig. 9.
ry
-
-

in-
n-
s

n
or
s
se
ar

-
e

n

ns51. On coolingns decreases andw becomes more and
more steplike~see inset to Fig. 9!. In 1-q incommensurate
systems the soliton densityns represents the domain-wa
~soliton! volume fraction of the crystal,ns5d0 /x0 . Hered0
is the soliton width andx0 is the distance between th
solitons.3 In the 3-q case this meaning is lost and one mu
regardns as a parameter that describes the nonlinearity of
phases of modulation waves.

In our approximation the NQR line shape is again eva
ated with the integral~21b!, but the phases of the modulatio
waves are no longer linear functions and are given by
~24!. The parameterk, which determinesns , was chosen to
give the best fit to the experimental data. The narrow~‘‘com-
mensurate’’ or C! lines, which rise from the broad back
ground at lower temperatures, originate from regions wh
the phasew is almost constant. The value of the initial pha
w10 in the n1( cos(wi1w10) term of Eq. ~21!, which influ-
ences the positions of these lines in the multisoliton lim
~but does not affect the line shape in the plane-wave lim!
was chosen to give the best agreement between the ex
mental and the calculated line positions. As shown in Fig
the theoretical and the experimental spectra agree ra
well. The fact that the positions of every C line could not
reproduced completely is an indication that more than t
terms in the expansion~21a! should be taken into account o
that the constant amplitude approximation is not stric
valid in this temperature range.

The temperature dependence ofns , obtained from both
cooling and heating experiments, is shown in Fig. 9. T
transition to C1 is reached whenns vanishes. A hysteresis o
0.6 K at the IC-C transition agrees well with the x-ray me
surements by Ryanet al.11

Phenomenologically one can treat the IC-C transition
writing the free-energy density in the narrow solito
limit 14,15,37

f ;«sns1«2ns
21«3ns

31a2ns exp~2ns
21!. ~25!

The first term represents the energy of a domain-wall~soli-
ton!, «s}(TL2T), «2 and«3 are the energies of double an
triple domain-wall crossings, and the last term represents
interaction between the domain walls.37 If the 3-q phase is

me
e-

FIG. 9. Temperature dependence of the soliton densityns in
proustite. The inset shows the phase of incommensurate wave
ns51 ~straight dotted line!, ns50.5 ~dashed line!, and ns50.25
~full line!.
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1012 PRB 61APIH, MIKAC, DOLINŠEK, SELIGER, AND BLINC
preferred over the 1-q phase, then«3 must be negative and
an IC-C transition is necessarily discontinuous. Still, with
the precision of our experiment, the temperature depende
of ns in proustite ~Fig. 9! is well described byns}
21/ln@(T2TL)/TL#, which is characteristic of an almost con
tinuous ‘‘lock-in’’ transition as seen in some 1-q systems.3

Below the IC-C1 transitionns is zero and the incommen
surate frequency distribution is replaced by a multiplet
narrow lines reflecting the multiplication of the unit ce
Here the phases of the three modulation wavesw i become
step functions, taking the commensurate valuesq15p/3,
q25p, andq355p/3 only. For every combination of com

TABLE I. In the C1 phase the phases of the three modulat
wavesw i take commensurate valuesq1 , q2 , andq3 . The intensi-
ties of the ten resonant lines in the NQR spectrum are proporti
to the number of permutations of phasesq i , corresponding to a
given frequency.

Index w1 w2 w3

Number of permutations
5line intensity

1 q1 q1 q1 1
2 q2 q2 q2 1
3 q3 q3 q3 1
4 q1 q2 q2 3
5 q1 q3 q3 3
6 q2 q1 q1 3
7 q2 q3 q3 3
8 q3 q2 q2 3
9 q3 q1 q1 3
10 q1 q2 q3 6
S 10 peaks ZC1

527* ZN
ett

i-

s.

.

ce

f

mensurate values of phasesw1(r )5q i , w2(r )5q j , w3(r )
5qk , there is a corresponding peak in the NQR spectrum
the frequencyn3-q(q i ,q j ,qk) @ see Eq.~21!#. The narrow
resonance line from the high-temperature N phase sho
therefore split inton533527 lines, but many lines in the C1
phase overlap, sincen3q is invariant to the permutation of th
phasesq i , q j , andqk ~see Table I!. As predicted in Table I,
the NQR spectrum in the C1 phase consists of three line
with relative intensity 1, six lines with relative intensit
three, and a single line with the relative intensity 6. Th
agrees well with the spectrum in the C1 phase at 28 K~Fig.
3!.

VI. CONCLUSIONS

In conclusion, our75As NQR line-shape and spin-lattic
relaxation time measurements have shown that proustite
hibits not one, but two incommensurate phases in the t
perature range 49–60 K. As demonstrated by the charac
istic NQR line-shape and spin-lattice relaxation tim
dependence over the line, the phase 58.5–60 K is aq
stripe phase, where the amplitude of only one of the th
possible incommensurate modulation waves is different fr
zero in a given domain. Below 58.5 K a new 3-q phase
gradually appears. The stripe phase disappears below 57
In the 3-q phase the amplitudes of all modulation waves a
different from zero simultaneously. The NQR line sha
shows that the three modulations are noncoplanar and th
fore independent.

In the low-temperature part of the 3-q IC phase the
phases of modulation waves become nonlinear function
the space coordinates and a multisoliton lattice is formed.
comparison of the theoretical and the experimental spectr
temperature dependence of the soliton density at the tra
tion to the commensurate phase was determined.
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